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OPTICAL FIBER, OPTICAL TRANSMISSION LINE, AND 
OPTICAL COMMUNICATIONS SYSTEM 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 

The present invention relates to an optical fiber capable of compensating 
both the chromatic dispersion and dispersion slope of a positive-dispersion op- 
tical fiber, an optical transmission line constructed by splicing the optical fiber 
and a positive-dispersion optical fiber, and an optical communications system 

10 incorporating the optical transmission line. 
Description of the Background Art 

The wavelength division multiplexing (WDM) optical communications sys- 
tem multiplexes a plurality of component signals having mutually different 
wavelengths with an optical transmitter to transmit them. A signal lightwave 

15 composed of the component signals travels over an optical transmission line to 
arrive at an optical receiver. The WDM communications system can transmit 
and receive a large volume of information at a high rate. The conventional 
WDM communications system uses the C-band (1,530 to 1,565 nm) as a wave- 
length band for signal lightwaves. To increase the transmission capacity fur- 

20 ther, the use of the L-band (1,565 to 1,625 nm) is also being studied as the 
wavelength band for signal lightwaves. 

It is desirable that the optical transmission line for the WDM communica- 
tions system have a small absolute value of the chromatic dispersion over the 
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entire wavelength band of the signal lightwave in order to transmit the signal 
lightwave with high quality. However, it is difficult to reduce the absolute value 
of the chromatic dispersion over the entire wavelength band of the signal 
lightwave when the optical transmission line is constructed by using only one 
5 type of optical fiber. Consequently, an optical transmission line is usually con- 
structed by using two types of optical fibers to reduce the absolute value of the 
average chromatic dispersion of the entire optical transmission line over the 
wavelength band of the signal lightwave. 

For example, published Japanese patent application H6-11620 has disclosed 

10 an optical transmission line for the application where the C-band is used as the 
wavelength band of the signal lightwave. The optical transmission line is con- 
structed by splicing a standard single-mode optical fiber and a dispersion- 
compensating optical fiber. Here, the single-mode optical fiber is a positive- 
dispersion optical fiber having a zero dispersion wavelength at a wavelength of 

15 1.3 |im or so, and a positive chromatic dispersion of 15 ps/nm/km or so and a 
positive dispersion slope of 0.06 ps/nm 2 /km or so at a wavelength of 1.55 Jim. 
The dispersion-compensating optical fiber has a negative chromatic dispersion 
and a negative dispersion slope at a wavelength of 1.55 jum, and compensates 
both the chromatic dispersion and dispersion slope of the single -mode optical 

20 fiber. 

U.S. patent 5,838,867 has disclosed another optical transmission line. The 
optical transmission line is constructed by splicing a non-zero dispersion- 
shifted fiber and a dispersion-compensating optical fiber. Here, the non-zero 
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dispersion-shifted fiber is a positive-dispersion optical fiber having a zero- 
dispersion wavelength shifted to a wavelength of more than 1.3 \im, and a posi- 
tive chromatic dispersion between 1 and 10 ps/nm/km and a positive dispersion 
slope at a wavelength of 1.55 [im. The dispersion-compensating optical fiber 
5 has a negative chromatic dispersion and a negative dispersion slope at a wave- 
length of 1.55 nm, and compensates both the chromatic dispersion and disper- 
sion slope of the dispersion-shifted optical fiber. 

The foregoing optical transmission lines constructed by splicing a positive- 
dispersion optical fiber (a single-mode optical fiber or a non-zero dispersion- 

10 shifted fiber) and a dispersion-compensating optical fiber has a small absolute 
value of the chromatic dispersion over the entire C-band and can perform 
high-quality WDM optical communication. However, the absolute value of the 
chromatic dispersion is not sufficiently small in the L-band. Therefore, they are 
not suitable for performing WDM optical communication in the L-band. 

15 S. Bigo, et al. have reported in ECOC99, PD 2-9 (p. 40) a non-zero disper- 
sion-shifted fiber having a chromatic dispersion of 8 ps/nm/km and a dispersion 
slope of 0.057 ps/nm 2 /km at a wavelength of 1,550 nm (a chromatic dispersion 
of 10.3 ps/nm/km and a dispersion slope of 0.06 ps/nm 2 /km at a wavelength of 
1,590 nm). D.W. Peckham, et al. have reported in ECOC98 (p. 139) a non-zero 

20 dispersion-shifted fiber having a chromatic dispersion of 3.7 ps/nm/km and a 
dispersion slope of 0.0457 ps/nm 2 /km at a wavelength of 1,550 nm (a chromatic 
dispersion of 5.5 ps/nm/km and a dispersion slope of 0.046 ps/nm 2 /km at a 
wavelength of 1,590 nm). Published international application WO 00/65387 
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has disclosed a non-zero dispersion-shifted fiber having a chromatic dispersion 
of +7.7 ps/nm/km and a dispersion slope of +0.08 ps/nm 2 /km at a wavelength of 
1,590 nm. However, no report has so far been published on a dispersion- 
compensating optical fiber capable of compensating in the L-band both the 
5 chromatic dispersion and dispersion slope of the above-described non-zero dis- 
persion-shifted fibers. 

SUMMARY OF THE INVENTION 

An object of the present invention is to offer an optical fiber capable of com- 
10 pensating in the L-band both the chromatic dispersion and dispersion slope of a 
non-zero dispersion-shifted fiber. Another object is to offer an optical transmis- 
sion line constructed by splicing the optical fiber and a non-zero dispersion- 
shifted fiber for performing high-quality WDM optical communication in the Li- 
band. Yet another object is to offer an optical communications system incorpo- 
15 rating the optical transmission line. 

According to the present invention, the foregoing object is attained by offer- 
ing an optical fiber having at a wavelength of 1,590 nm a chromatic dispersion, 
D, and a dispersion slope, S, that satisfy the formulae 
-200 ps/nm/km ^ D ^ -50 ps/nm/km, and 
20 0.009 /nm ^ S/D. 

The optical fiber may comprise the following regions: 

(a) a central core region including the center of optical axis and having a fir- 
st refractive index; 



5 



(b) a first cladding region encircling the central core region and having a 
second refractive index smaller than the first refractive index; 

(c) a second cladding region encircling the first cladding region and having a 
third refractive index larger than the second refractive index; and 

5 (d) a third cladding region encircling the second cladding region and having 

a fourth refractive index smaller than the third refractive index. 
In accordance with another aspect of the present invention, an optical 
transmission line is offered that comprises the following components: 

(a) a positive-dispersion optical fiber having at a wavelength of 1,590 nm a 
10 chromatic dispersion of +6 to +10 ps/nm/km and a dispersion slope of +0.07 

to +0.10 ps/nm 2 /km; and 

(b) the optical fiber of the present invention that is spliced with the positive- 
dispersion optical fiber. 

In accordance with yet another aspect of the present invention, an optical 
15 communications system is offered that comprises the following components: 

(a) an optical transmitter for multiplexing a plurality of component signals 
having mutually different wavelengths to constitute a signal lightwave so 
that the signal lightwave can be outputted; 

(b) the optical transmission line of the present invention that transmits the 
20 signal lightwave outputted from the optical transmitter; and 

(c) an optical receiver for receiving the signal lightwave having traveled over 
the optical transmission line. 

Advantages of the present invention will become apparent from the following 
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detailed description, which illustrates the best mode contemplated to carry out 
the invention. The invention can also be carried out by different embodiments, 
and its several details can be modified in various respects, all without depart- 
ing from the invention. Accordingly, the accompanying drawing and the fol- 
5 lowing description are illustrative in nature, not restrictive. 

BRIEF DESCRIPTION OF THE DRAWING 

The present invention is illustrated to show examples, not to show limita- 
tions, in the figures of the accompanying drawing. In the drawing, the same 
10 reference numeral and sign refer to a similar element. 

In the drawing: 

Figure 1 is a diagram showing the constitution of an optical communications 
system 1 and an optical transmission line 10 in the embodiment of the present 
invention. 

15 Figure 2 is a graph showing the chromatic dispersion-wavelength properties 
of the optical fibers 11 and 12 incorporated into the optical transmission line 
10. 

Figure 3 A shows a cross section of the optical fiber 12, and Fig. 3B is a dia- 
gram showing the refractive-index profile of the optical fiber 12. 
20 Figures 4A and 4B are graphs showing the relationship between the disper- 
sion slope S and the chromatic dispersion D of the optical fibers of Examples 1 
to 8 when the outer diameter 2c was varied. 

Figures 5A and 5B are graphs showing the relationship between the bend 
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loss and the wavelength of the optical fibers of Examples 1 to 8 when they are 
coiled with a coiling diameter of 140 mm. 

Figures 6A and 6B are graphs showing the relationship between the chro- 
matic dispersion and the wavelength of the optical fibers of Examples 1 to 8. 
5 Figures 7A and 7B are graphs showing the relationship between the chro- 
matic dispersion and the wavelength of the entire optical transmission lines 
incorporating the optical fibers of Examples 1 to 8. 

DETAILED DESCRIPTION OF THE INVENTION 

10 Figure 1 is a diagram showing the constitution of an optical communications 
system 1 and an optical transmission line 10 in the embodiment of the present 
invention. The optical communications system 1 comprises an optical trans- 
mission line 10, an optical transmitter 20, and an optical receiver 30. The opti- 
cal transmitter 20 multiplexes a plurality of component signals having mutu- 

15 ally different wavelengths to output them. A wavelength-multiplexed signal 
lightwave travels over the optical transmission line 10. The optical receiver 30 
receives the signal lightwave. The optical transmission line 10 comprises an 
optical fiber 11 and an optical fiber 12 that are mutually fusion-spliced. The 
signal lightwave travels over the optical fibers 11 and 12 in this order. 

20 Figure 2 is a graph showing the chromatic dispersion-wavelength properties 
of the optical fibers 11 and 12. The optical fiber 11 has a positive chromatic 
dispersion and a positive dispersion slope at a wavelength of 1,590 nm. The 
optical fiber 12 has a negative chromatic dispersion and a negative dispersion 



8 

slope at a wavelength of 1,590 nm. It is desirable that the optical fiber 11 have 
a chromatic dispersion, of +6 to +10 ps/nm/km and a dispersion slope, S v of 
+0.07 to +0.10 ps/nm 2 /km at a wavelength of 1,590 nm. The optical fiber 12 is 
required to have at a wavelength of 1,590 nm a chromatic dispersion, D 2 , and a 
5 dispersion slope, S 2 , that satisfy the following formulae. 

-200 ps/nm/km ^ D 2 ^ -50 ps/nm/km ...(la). 

0.009 /nm ^ S 2 /D 2 ...(lb). 

The chromatic dispersion D 2 may have a lower limit of -110 ps/nm/km. The 
ratio S 2 /D 2 may have an upper limit of 0.015 /nm. The upper limit may be re- 

10 duced to 0.011 /nm. 

In the optical transmission line 10 and the optical communications system 1 
incorporating it, both the chromatic dispersion and dispersion slope of the opti- 
cal fiber 11 in the L-band are compensated by the optical fiber 12. Consequently, 
a signal lightwave having a multitude of wavelengths in the L-band can be 

15 transmitted with high quality. It is desirable that the optical transmission line 
10 have a variation range of at most 0.4 ps/nm/km in the average chromatic 
dispersion of the entire optical transmission line in a wavelength range of 1,570 
to 1,610 nm. Here, the term "variation range" is used to mean the difference 
between the maximum value and the minimum value. In this optical transmis- 

20 sion line, the ratio of the length of the positive-dispersion optical fiber to that of 
the optical fiber of the present invention is properly determined. As a result, 
the absolute value of the chromatic dispersion in the L-band is considerably 
reduced, which enables the high-quality WDM optical communication. 
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It is desirable that the optical fiber 12 have an effective core area (hereinaf- 
ter referred to as "effective area") of at least 12 \im 2 at a wavelength of 1,590 
nm. In this case, the generation of non-linear optical phenomena can be sup- 
pressed, which can further increase the quality of the optical communication. It 
5 is desirable that the optical fiber 12 have a cutoff wavelength of at least 1.2 Jim. 
In this case, even when the optical fiber is bent in a coil to form a module, the 
increase in bend loss can be suppressed. It is desirable that the optical fiber 
12 have a transmission loss of at most 1.0 dB/km at a wavelength of 1,590 nm. 
It is desirable that the optical fiber 12 have a total loss of at most 7 dB in a 
10 wavelength range of 1,565 to 1,610 nm. In these two cases, the loss of a signal 
lightwave can be substantially reduced, which enables the long-distance 
transmission. 

Figure 3A shows a cross section of the optical fiber 12. Figure 3B is a diagram 
showing the refractive -index profile of the optical fiber 12. The optical fiber 12 

15 has from the center of optical axis a central core region 12a (maximum refrac- 
tive index: n x , diameter: 2a), a first cladding region 12b (refractive index: n 2 , 
outer diameter: 2b), a second cladding region 12c (refractive index: n 3 , outer 
diameter: 2c), and a third cladding region 12d (refractive index: n 4 ). The re- 
fractive indexes of the regions have a relationship of n x > n 3 > n 4 > n 2 . The 

20 relative refractive-index difference, An^ of an individual region is defined as 
(n { - n 4 )/n 4 by using the refractive index n 4 of the third cladding region as the 
reference. 

The optical fiber 12 can be produced by the following method: 
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(a) silica glass is used as the host material; 

(b) the central core region 12a and the second cladding region 12c are doped 
with a proper amount of germanium oxide; and 

(c) the first cladding region 12b is doped with a proper amount of fluorine. 

5 Having the foregoing refractive -index profile, the optical fiber 12 can readily 
acquire a chromatic dispersion and a dispersion slope that satisfy formulae (la) 
and (lb). 

It is desirable that the optical fiber 12 have a structure such that (a) the cen- 
tral core region 12a has a relative refractive -index difference, An 1? of at least 

10 1.2% and (b) the first cladding region 12b has a relative refractive-index differ- 
ence, An 2 , of at most -0.3%. It is desirable that the ratio 2a/2c be at least 0.20, 
where 2a is the diameter of the central core region 12a, and 2c is the outer 
diameter of the second cladding region 12c. Furthermore, it is desirable that 
when the outer diameter 2c of the second cladding region 12c varies by 2%, the 

15 ratio S 2 /D 2 vary by at most 15%. This condition facilitates the production of 
the optical fiber 12. 

Examples of the optical fiber 12 are explained below. Table I shows dimen- 
sions and properties of Examples 1 to 10 of the optical fiber of the present in- 
vention. The optical fibers of Examples 1 to 10 have the refractive-index profile 

20 shown in Fig. 3B. The effective area (denoted as A^ ff in Table I ), bend loss, and 
transmission loss (denoted as Loss in Table I ) are the values at a wavelength 
of 1,590 nm. The bend loss shows an increment in loss when the optical fiber is 
bent on a mandrel having a diameter of 20 mm. 
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Figures 4A and 4B are graphs showing the relationship between the disper- 
sion slope S 2 and the chromatic dispersion D 2 of the optical fibers of Examples 1 
to 8 when the outer diameter 2c of the second cladding region 12c was varied. 
In this case, the outer diameter 2c was varied with the value shown in Table I 
5 positioned at the center of the variation. When the outer diameter 2c varied by 
2%, the ratio S 2 /D 2 of the optical fibers of Examples 1 to 8 varied by ±2.5%, ± 
11.5%, ±9.0%, ±10.0%, ±50%, ±25%, ±50%, ±202%, respectively. As 
shown above, in the optical fibers of Examples 1 to 4, when the outer diameter 
2c varied by 2%, the variation of the ratio S 2 /D 2 was less than 15%. This means 

10 that these optical fibers can be readily produced with the intended chromatic 
dispersion-wavelength property. 

Figures 5A and 5B are graphs showing the relationship between the bend 
loss (increment in loss) and the wavelength of the optical fibers of Examples 1 
to 8 when the optical fibers are coiled with a coiling diameter of 140 mm. As can 

15 be seen from Figs. 5A and 5B, the optical fibers of Examples 1 to 7 have a low 
bend loss in a wavelength range of less than 1,610 nm. Therefore, they are 
suitable for use in the L-band (1,565 to 1,625 nm) even when they are coiled 
with a coiling diameter of 140 mm to form a module. On the other hand, in the 
optical fiber of Example 8, the bend loss increases abruptly when the wave- 

20 length increases beyond 1,590 nm. Therefore, this optical fiber is not suitable 
for use in the L-band when it is coiled to form a module. Nevertheless, this op- 
tical fiber can be used suitably when it is installed in a repeater span. 

Figures 6A and 6B are graphs showing the relationship between the chro- 
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matic dispersion and the wavelength of the optical fibers of Examples 1 to 8. 
Figures 6A and 6B include an example of the chromatic dispersion-wavelength 
property of a non-zero dispersion-shifted fiber (NS-DSF) used as the optical 
fiber 11. As can be seen from Figs. 6A and 6B, the NS-DSF used as the optical 
5 fiber 11 has a positive chromatic dispersion and a positive dispersion slope at a 
wavelength of 1,590 nm. On the other hand, the optical fibers of Examples 1 to 
8 have a negative chromatic dispersion and a negative dispersion slope at a 
wavelength of 1,590 nm. 

Figures 7A and 7B are graphs showing the chromatic dispersion-wavelength 

10 property of the entire optical transmission lines incorporating the optical fibers 
of Examples 1 to 8. In this case, the NS-DSF whose chromatic dispersion- 
wavelength property is shown in Figs. 6A and 6B is used as the optical fiber 11. 
The optical fibers of Examples 1 to 8 are used as the optical fiber 12. The opti- 
cal fiber 12 is spliced with the optical fiber 11 having a length of 100 km. The 

15 lengths of the optical fibers of Examples 1 to 8 used as the optical fiber 12 are 
15.03 km, 14,93 km, 10.33 km, 9.95 km, 10.49 km, 7.62 km, 7.48 km, and 10.41 
km, respectively. As can be seen from Figs. 7A and 7B, all the optical transmis- 
sion lines have a small absolute value of chromatic dispersion in the L-band. In 
particular, in the optical transmission line incorporating the optical fiber of 

20 Example 1, the variation range of the average chromatic dispersion of the en- 
tire optical transmission line is not more than 0.4 ps/nm/km in a wavelength 
range of 1,570 to 1,610 nm. 

When the optical fiber of Example 4 was coiled with a coiling diameter of 140 



14 

mm, its total loss was measured in a wavelength range of 1,565 to 1,610 nm. 
The maximum loss was 5.6 dB, and it occurred at a wavelength of 1,565 nm. 
The same measurement was conducted on the optical fiber of Example 5 under 
the same conditions as above. The maximum loss was 6.8 dB, and it occurred at 
5 a wavelength of 1,565 nm. 

The present invention is described above in connection with what is presen- 
tly considered to be the most practical and preferred embodiments. However, 
the invention is not limited to the disclosed embodiments, but on the contrary, 
10 is intended to cover various modifications and equivalent arrangements in- 
cluded within the spirit and scope of the appended claims. 

The entire disclosure of Japanese patent application 2002-218449 filed on 
July 26, 2002 including the specification, claims, drawing, and summary is in- 
corporated herein by reference in its entirety. 
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